ABSTRACT. Exercise training improves maximal oxygen uptake and endurance times in adult human beings and other animals. The mechanism of this improvement results in part from anabolic effects of exercise and may be mediated by growth hormone (GH). Little is known about the role of GH in the adaptation to exercise in younger, stilldeveloping organisms. To examine this role, we began a 4-wk treadmill exercise training protocol in 14-d-old female rats. GH was suppressed by passive immunization with anti-GH releasing hormone antisera. There were four experimental groups: I) GH-control (normal GH secretory capacity), untrained (n = 21); 2) GH-suppressed, untrained (n = 13); 3) GH-control, trained (n = 14); and 4) GHsuppressed; trained (n = 11). At the end of the training period, maximal oxygen uptake and treadmill endurance running time were measured. Serum GH and IGF-I were assessed using RIA, and whole hind limb musculature succinate dehydrogenase (an indicator of mitochondria1 function) was measured with standard fluorometric technique. Body weight gain was markedly reduced in GHsuppressed rats (mean, 54% of GH-controls in untrained rats and 55% in trained; p < 0.05). No apparent effect of training on linear growth was observed. As expected, serum IGF-I was markedly reduced by GH suppression, but no exercise-induced increase occurred in IGF-I as a result of training in either the GH-control or GH-suppressed rats. In GH-control rats, maximal oxygen uptake and succinate dehydrogenase were 69% and 25% greater, respectively, in trained compared with untrained rats (p < 0.05). Despite GH inhibition, similar increases were found in the trained GH-suppressed rats (68% greater than controls for maximal oxygen uptake and 34% for succinate dehydrogenase, In mature human beings and animals of many species, increased physical activity leads, to improved functional capabilities often measured as increased Vozmax or exercise endurance time. A pivotal mechanism for the improved function is the unique, naturally occurring anabolic effects of exercise ( I ) , such as skeletal and cardiac muscle hypertrophy (2), increased capillarization and mitochondria (3), and increased bone density (4). Because exercise stimulates GH secretion (5) and because GH (either directly or in combination with IGF-I) is a potent growth factor for skeletal iind heart muscle (6-9), it is not surprising that many investigations in both human beings (10, I I) and other species (12) (13) (14) indicate that GH plays an important role in the adaptation to exercise. Despite this finding, the role of GH in exerciseinduced growth is not understood, and evidence exists that exogenous GH administration does not enhance the effect of exercise training on muscle growth or strength in young, welltrained adult males ( 15-17).
vo2, oxygen uptake Vo2max, maximal oxygen uptake
In mature human beings and animals of many species, increased physical activity leads, to improved functional capabilities often measured as increased Vozmax or exercise endurance time. A pivotal mechanism for the improved function is the unique, naturally occurring anabolic effects of exercise ( I ) , such as skeletal and cardiac muscle hypertrophy (2) , increased capillarization and mitochondria (3), and increased bone density (4) . Because exercise stimulates GH secretion (5) and because GH (either directly or in combination with IGF-I) is a potent growth factor for skeletal iind heart muscle (6-9), it is not surprising that many investigations in both human beings (10, I I) and other species (12) (13) (14) indicate that GH plays an important role in the adaptation to exercise. Despite this finding, the role of GH in exerciseinduced growth is not understood, and evidence exists that exogenous GH administration does not enhance the effect of exercise training on muscle growth or strength in young, welltrained adult males (15) (16) (17) .
Far less is known about responses to repeated bouts of physical activity in the younger, developing organism where overall body growth is rapid and secretory patterns of growth factors (such as GH) are in a state of flux (18) . The purpose of this experiment was to determine the role of GH in functional adaptations to exercise during development and to determine the effects of GH suppression and exercise training on somatic growth and circulating IGF-I. Prepubertal rats were exposed to a 4-wk period of treadmill exercise training, and we measured growth effects and cardiorespiratory responses to exercise in control rats and in rats with suppressed GH secretory capacity.
The experimental design consisted of training (treadmill exercise) young rats in whom normal GH secretion was blocked. Hypophysectomy has been used previously in the mature rat to obliterate any possible effect of exercise on GH secretion (19, 20) , but this invasive surgical technique is technically more difficult in younger rats, results in reduced spontaneous physical activity, and requires the administration of other pituitary hormones to maintain health. As an alternative approach to attenuate GH secretion, we administered anti-GHRH antiserum. This antiserum was previously shown by Wehrenberg et al. (21) to markedly inhibit somatic growth, GH, and IGF-I in rats. The treatment was not accompanied by any apparent side effects.
The hypotheses of this study were as follows: I ) in young rats, exercise training will result in marked functional responses reflecting anabolic effects mediated by GH-dependent mechanisms: 2) in young rats. somatic growth will be enhanced by exercise training caused by increased GH secretion and circulat-224 COOPER ing IGF-I; and 3 ) blocking normal pituitary secretion of GH will markedly attenuate the anabolic effects of physical activity.
MATERlALS AND METHODS
Sample population and protocol. A total of 59 female SpragueDawley rats were used. Rats from mixed litters were brought to the laboratory at 10 d of age in litters of 10 accompanied by a dam and allowed to become familiar with their surroundings and handlers. The animals were weighed, and tail length was measured. Rats were fed standard rat food and allowed food and water a d libitum. Food intake was not recorded.
The study was designed to examine four groups of animals: 1 ) GH-control (normal GH secretory capacity), untrained (n = 2 1): 2) GH-suppressed (by passive immunization with anti-GHRH antibodies), untrained (n = 13): 3 ) GH-control, trained (n -14): and 4) GH-suppressed, trained (n = I I).
GH-suppressed rats received s.c. injections of 250 pL of rabbit anti-GHRH antisera three times weekly beginning on d 13 of life. The anti-GHRH antisera was generously provided to us by Dr. William Wehrenberg. GH-control rats received S.C. injections of 250 rL of control rabbit serum three times weekly. Training began at d 14 of life, and rats were separated from the dam at d 2 1 of life. We used a 4-wk, treadmill training protocol developed by Macintosh and Baldwin (22) that was specifically designed for neonatal rats and one demonstrated to result in increased muscle cytochrome oxidase activity. Throughout the 4-wk training period, running duration, treadmill incline, and treadmill speed increased progressively so that by the end of training, rats in both training groups ran for 60 min at a 25% incline and at a speed of 28 m/min.
At the end of the training period, the rats were weighed, and tail length was measured. Each rat underwent a, progressive treadmill exercise test to exhaustion to determine Vo2max and maximal running time. Because untrained rats were unfamiliar with the treadmill, they were allowed 10-min periods of lowspeed, 0% incline treadmill running for 3-4 d before the end of the 4-wk experimental period. On the day after the Vozmax test, the animals were killed. Blood was obtained from left ventricular puncture. The whole hind limb musculature was carefully dissected from bone and other tissues, immediately frozen at -70°C. and saved for subsequent analysis.
Measurement of Vo,mm. Gas exchange was measured using an open-circuit, constant room air flow through system in which flow was measured using pneumotachographs, and O?, CO?, and N2 concentrations were measured with a mass spectrometer. Standard.Haldane corrections were applied to the final calculations of Vo2. The system was calibrated by administering gases of known 0 2 , CO,, and N2 concentrations at precisely controlled flow rates. The error of Voz measurement was + 3%.
Vo2max tests were performed at 0% incline. A 3-min rest/ acclimation period was followed by an initial treadmill speed of 18 m/min for 3 min. Thereafter, treadmill speed increased by 9 m/min every 3 min until the rats were unable to continue running. We anticipated that the GH-suppressed and GH-control groups would differ greatly in body weight; thus, to compare Vo2max in different-sized animals, the value was normalized to body weight. Moreover, resting (i.e. preexercise) metabolic rate normalized to body weight is larger in smaller animals (23) . Thus, to further minimize the confounding effects of body size alone, we subtracted the Vo2 during the few minutes immediately before the.exercise test from the maximum value and used this variable [Vo2(max -pretest)], the actual increase in metabolic rate resulting from the exercise, to compare exercise responses among the different-sized rats.
Measurement of serum GH and IGF-I. An RIA was used to measure serum GH using World Health Organization standard no. 661217, polyclonal antisera generated in-house and hGH from NIDDK for iodination purposes. The GH intraassay variability is less than 10%. interassay variability is 12.6%. and the sensitivity is 0.5 pg/L. RIA are currently used in our laboratory for human IGF-I with antibodies provided by the National Institutes of Health and standards purchased from Bachem. The intraassay coefficient of variation is 3.3%. and interassay coefficient is 5.4%. We used the acid ethanol extraction method (24) to extract IGF-I from binding proteins.
Measurement of hind limb muscle SDH activity. Briefly, muscle tissue was homogenated in phosphate buffer, centrifuged, and the supernatant extracted. SDH activity was determined using a standard two-step reaction as described by Henriksson et al. (25) . In this assay, fluorometric techniques gauge the rate of conversion of NADH to NAD in individual tissue samples, and this measurement is a reflection of SDH activity. The intraassay coefficient of variation is 5%. Data are expressed per gram of wet weight of muscle.
Statistit.al anul~~.se.~. Randomized analysis of variance was used to compare variables in the four groups. When analysis of variance was significant, intergroup comparisons were tested using Duncan's modification of t test. Results are presented as mean + 1 SD. Statistical significance was achieved at the p < 0.05 level.
These studies were approved by the animal care and use review committee of Harbor-UCLA Medical Center.
RESULTS
Somatic grow*th. Body weights were substantially reduced in the GH-suppressed rats (Fig. I) . Tail length results were qualitatively similar. In untrained rats, tail length in the GH-control group (155 + 4 mm) was significantly greater than in GHsuppressed rats (130 + 5 mm). Similarly. in the trained rats, tail length was significantly greater in the GH-control group (155 + 4 mm) than in the GH-suppressed group (130 f 5 mm). No independent effect of exercise training on body weight or tail length in either the GH-suppressed or GH-control rats was observed.
Vernal-and mcrrimal rlmning time. \jo?(rnax -pretest) was significantly greater in trained verslts untrained rats in both the GH-control and G,H-suppressed groups (Fig. 2) . Although the mean value of the Vo?(max -pretest) was actually greater in the GH-suppressed trained rats than in the GH-control trained rats, the values were not statistically different. Results of treadmill running times were qualitatively similar to the Vo2(max -pretest) values. In the GH-control rats, running time in the untrained group ( 1 3 + 2 min) was significantly less than in trained rats (20 f 4 min); in the GH-suppressed rats, running time in the untrained group (17 f 3 min) was significantly less than in the trained animals (24 + 3 min).
SDH activity. SDH activity was significantly increased in trained rats in both the GH-control(2.89 + 0.41 pmol/g/min in T r a z n e d U n t r a a n e d T r a a n e d U n t r a i n e d 
IGF-I may be less dependent on GH in some tissues than

\
This study demonstrates that 4 wk of treadmill training in young female rats increased Vozmax. maximal treadmill running time, and hind limb muscle SDH activity. These adaptations occurred even in the GH-suppressed rats (i.e those treated with anti-GHRH antibodies) in whom circulating GH and IGF-I levels were low. The GH-suppressed rats were active. required no exogenous hormone replacement (as in the case in surgically hypophysectomized rats), and appeared to have no ill effects from the treatment per se. The marked growth retardation (Fig.  1 ) and substantially reduced serum levels of GH (Fig. 3) demonstrate the effectiveness of the anti-GHRH antisera. Our results are consistent with the studies of Goldberg (19) and Gollnick and lanuzzo (20) who showed that muscle hypertrophy and increases in muscle SDH can occur either as a compensatory mechanism or in response to exercise in mature. hypophysectomized rats.
Several possible explanations exist for the apparent discrepancy between our results and previous observations supporting c 80 in concentiation may not reflect an increase in production. The lack of change is in contrast to at least two cross-sectional studies in adult human beings (4. 37), which showed a positive correlation between serum IGF-I levels and physical fitness (assessed by the Vozmax per kilogram of body weight). Presumably, exercise stimulated GH, which over a period of time led to increased circulating IGF-I.
What might account for these apparent differences in the circulating IGF-I response to exercise training between previous studies in human beings and the present data? First, the GH and the related IGF-I response to exercise may differ among species. Although exercise increases circulating GH acutely in human beings, swimming, at least, is known to reduce serum GH in rats (38) . Second, the effect of exercise on circulating IGF-I may depend on the maturational state of the subject. IGF-I levels increase in human beings and rats from birth, reaching their highest levels around puberty (39, 40) . Similarly, GH secretory responses are greatest during puberty (18) and fall with aging (41) . In the present study, training was begun in the prepubertal phase and continued through early puberty. Perhaps the naturally muscle even in hypophysectomized rats. Thus, in addition to possible endocrine effects of circulating IGF-I originating in the liver and stimulated by GH, it appears that IGF-I can be pro--duced in local tissues independently of GH and result in autocrine or paracrine growth stimulation (27) .
Second. the training response likely represents the combined effects of a variety of stimuli and possibly multiple growth factors. In addition to IGF, evidence exists that fibroblast growth factor .
T r a i n e d U n t r a i n e d T r a i n e d U n t r a i n e d
acts locally and, most likely, without direct GH control in exercise-induced anabolism (28) . The fibroblast growth factors Fig. 2 . Effect of treadmill training on vo2max in GH-suppressed and also play a particularly important role in vascular growth (291, GH-control rats (mean + SD). Training increased Vomax in both the observations that suggest a possible for the increased GH-suppressed and GH-control groups ( * p < 0.05).
capillarization that accompanies physical training. Gender, particularly in its interaction with puberty, may have in prepubertal children (30) . and Macintosh and Baldwin (22), whose training protocol was adapted for the present study, noted no gender differences in the effects of exercise on skeletal muscle oxidative capacity in neonatal rats. However, gender-related exercise effects become substantial in teenagers: one study demonstrated that American girls become progressively less fit than ~~p s u p p r e s s e 8
boys (30). In addition, the gender differences that do exist [e.g.
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j differences in heart muscle responses in rats (31) and Hb in human beings (32) ] are most often noted in mature. postpubertal
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GH secretion increases in puberty (18. 33. 34) . along with marked increases in testosterone in males and estradiol in fe- Fig. 3 . Effect of anti-GHRH antisera on circulating IGF-I in trained males. T~~~~~~~~~~~ appears to contribute to the high amplitude/ and untrained rats (mean + SD). As expected, IGF-I was markedly low baseline pattern of GH secretion observed in mature male reduced in GH-suppressed rats. No independent effect of exercise training rats, and estradiol leads to the low amplitude/high baseline on IGF-I levels was observed ( * p < 0.05: both trained and untrained pattern observed in mature females (25) . ~l~h~~g h not as dra-GH-suppressed rats compared with GH-control rats). rnatic as in rats, puberty in human beings is characterized by trained rats and 2.3 1 + 0.17 pmol/g/min in untrained rats) and greater increase in spontaneous GH pulse frequency and ampli-GH-suppressed groups (3.06 + 0.78 pmol/g/min in trained rats tude in males compared with females (34, 36) . It is possible that and 2.27 + 0.19 pmol/g/min in untrained rats).
training effects in young females are therefore less GH dependent than in males. The interaction between hormonal changes asso-CII und l C F I Circulating IGF-I (Fig. 3 ) was substantially ciated with puberty and physical activity is not as yet well reduced in the GH-suppressed rats. As expected. in untrained rats, mean GH in the GH-control group (41 + 37 pg/L) was understood, but our data clearly demonstrate that female rats can respond robustly to exercise training initiated early in life.
significantly greater than in GH-suppressed rats (2 + 1 pg/L).
Training did not increase circulating IGF-I in this sample of Similarly. in the trained rats. GH was significantly greatcr in the young female rats despite the training-induced increases in run-GH-contrOl group ( demonstrate an increase in body composition, muscle growth, or muscle protein synthesis after exogenous GH therapy. The subjects in these studies were highly trained, young adult male weight lifters who actively trained throughout the study period.
Deyssig et al. found that serum IGF-I increased in the subjects receiving exogenous GH despite the lack of evidence that GH administration additionally increased muscle strength. Interestingly, the IGF-I in the control athletes was in the high normal range and did not change over the training period even though the subjects were actively training. Thus, factors such as levels of fitness, GH, and IGF-I status likely contribute to any potential effect of either GH administration or inhibition. In our study, GH suppression markedly reduced linear growth. as previously described (2 I), but, in contrast to our hypothesis, the treadmill training program early in the lives of female rats did not increase body weight or tail length in either the GHcontrol or GH-suppressed rats. Little consensus exists regarding the short-or long-term effects of training programs during childhood in human studies (42). Some investigators have concluded that training increases growth velocity by a small but significant degree (43, 44); other workers could find no such activity,-related growth effect despite a significant effect of training on Vozmax and lung function (45, 46) . Excessive training actually may have adverse effects on somatic growth in children and teenagers. particularly when nutrition is inadequate. For example, Theintz et al. (47) recently reported a reduction in the growth potential of adolescent female gymnasts engaging in vigorous training and dieting, and Jahreis et a/. (48) demonstrated a reduction in serum IGF-I in female gymnasts (mean age. 1 1.7 y) after 3 d of intensive training. The precise role of GH in these observations has yet to be determined.
From a clinical perspective, the ways in which habitual physical activity during childhood can, through anabolic effects on muscles, heart, and blood vessels, beneficially influence health later in life (49) may prove to be more important than changes in body height or weight per se. The data presented here imply a potentially important role played by local tissue growth factors that can modulate anabolic effects of exercise even in the absence ofGH in the young animal. The long-term adaptation to physical activity may be mediated by multiple or hierarchical factors such that the impairment or absence of one component does not completely inhibit anabolic responses to exercise.
